The amplitude and phase of both stimulus-frequency and distortion-product emissions have been measured in healthy human ears. In some ears it is possible to model acoustic distortion products ͑DPs͒ generated by low-to-moderate stimulus levels as the vector sum of two components originating from distinct regions of the cochlea, one from the f 2 place and the other, with a longer delay, from the distortion product place. The phase lag of the more delayed DP component is slightly greater than that of stimulus frequency emissions ͑SFEs͒ measured in the same ears.
INTRODUCTION
Peak and valley fluctuations across frequency or ''fine structure'' in the amplitude of contiguous distortion-product otoacoustic emissions at 2 f 1 Ϫ f 2 ͑DP͒ has been described by several investigators using either moving stimuli at a fixed f 2 / f 1 ratio ͑Gaskill and He and Schmiedt, 1993; Sun et al., 1994a ,b͒ or with one stimulus fixed and a varied f 2 / f 1 ratio ͑Harris et al., 1989; Gaskill and Brown, 1990; Harris and Brown, 1994͒ . In both stimulus paradigms, the periodicity of the fine structure is proportional to frequency ͑He and Schmiedt, 1993; Williams, 1994͒ , and is about the same as that seen in the response to a swept single tone ͑stimulus frequency emission, SFE͒ and spontaneous emissions ͑Kemp, 1979; Schloth, 1983; Long, 1984; Harris and Brown, 1994͒ . It is also the same periodicity as that originally reported for the fine structure in the audiogram by Elliot ͑1958͒. A close relation was shown early on between threshold fine structure and SFE ͑Kemp, 1979; Wilson, 1980͒ . Wilson ͑1980͒ showed a clear relation between the periodicity of fine structure in the audiogram measured in ''free field'' and that in stimulus frequency emission spectra measured with a probe inserted in the ear canal. The robustness of this response with such different stimulus procedures indicated that within-ear factors caused the fine structure, rather than interactions between the ear and the microphone itself. It was concluded that impedance discontinuities between the cochlea and middle ear caused these peaks and troughs: where cochlear and middle ear impedances were perfectly matched there would be no reflection back into the cochlea, therefore no interference between incident and reflected waves and no fine structure. The effects of changes in middle ear pressure in their experiments supported this proposition. Since that time, Zwicker ͑1990͒ has highlighted the importance of transducer impedance in influencing stimulus frequency emission strength across frequency.
If the presence of ''fine structure'' is indicative of strongly delayed signals from a fixed source as originally shown by Wilson ͑1980͒ for human SFEs, then it should be possible to tease out the components of the total ear canal signal in DPs as well as SFEs. As a working hypothesis, it is proposed that the DP ͑generated by two tones͒ and the single tone sweep can be directly compared by treating each as the sum of two components with greatly differing delays: the more delayed component providing the ''fine structure.'' Under this hypothesis, the DP measured in the ear canal propagates from two distinct regions of the cochlea. The emission from the ''DP place'' along the cochlear partition is summed vectorially with a ͑usually larger͒ component from the f 2 place. When f 2 is held constant and f 1 is swept, DPs from the DP place contribute ''fine structure,'' but those originating at the fixed f 2 place produce a broad, relatively unstructured maximum at about 1 2 an octave below f 2 ͑Brown and Gaskill, 1990͒. Data from laboratory animals have some bearing on this prediction in that 2 f 1 Ϫ f 2 emissions come from the f 2 place directly in most ears and there is little fine structure visible in either the DP or the SFE responses. In the case of a single swept tone, the cochlear emission at the stimulus frequency ͑SFE͒ is summed vectorially with the ͑usually much larger͒ stimulus tone in the ear canal. As in the case of DP, the SFE can be distinguished from the stimulus tone by its greater delay.
There should be some correspondence in the phase trend for the SFE with that of the emission from the DP place if they involve a similar region of the cochlea. The DP that comes directly from the f 2 place, on the other hand, should have less phase lag, indicating smaller mean group delay.
The mean group delay is measured from the phase trend as f 1 is swept for a fixed f 2 . If the fixed f 2 is incremented in small frequency steps ͑while sweeping f 1 ͒ a decrease in the calculated mean group delay would be expected for the same distortion frequency coming from any one of these f 2 places ͑less delay, the nearer the base͒. However, the phase trend should be linear, with a tendency for the slope to increase as the DP frequency approaches f 2 , because the phase accumulation for the DP will increase as it approaches its own ''place'' on the basilar membrane ͑BM͒. The phase slope of SFE and DP from the DP place should show, if anything, an opposite trend, with the slope becoming less steep as the stimulus frequency increases. This is because the site of origin moves closer to the base and the round trip delay consequently decreases. The aim of this study was to compare the ear-canal sound pressure with single-tone and two-tone stimuli in human ears in an attempt to distinguish between different origins for the acoustic distortion product.
I. METHODS

A. Subjects
Seven normally hearing human subjects, ranging in age from 20 to 38 years participated in the investigation. Their thresholds were measured at 1 3 -oct steps using a twoalternative forced-choice procedure with the same insert probe used for emission measurement ͑see below͒. The sound level at threshold was measured by the microphone in the ear canal of the subject. One or both ears of the subjects were tested during several 1-to 2-h sessions during which time subjects were seated comfortably in a sound-treated booth. Distortion products and SFEs were recorded from all subjects, but only five ears gave high level SFE and 2 f 1 Ϫ f 2 DP responses across the same frequency range which were suitable for comparison. A systematic search was not made for spontaneous otoacoustic emissions ͑SOAEs͒.
B. Instrumentation
The probe, which was custom built, contained a Knowles EA 1842 microphone and outputs from two separate Knowles BP 1712 transducers, which were used to deliver the stimuli. Tonal stimuli were generated by two function generators: a Phillips 5193 ͑fixed frequency tones͒ and a Hewlett-Packard 3314A ͑swept tones͒. These and the subsequent attenuators were under computer control. A spectral shaper ͑octave steps, 24-dB/oct slopes͒ was used to make the swept tone in the meatus flat across the sweep frequency range.
The microphone response was amplified ͑40 dB͒ and fed to an EG&G 5210 lock-in amplifier with time constant set to 100 ms. A computer controlled search procedure selected amplifier sensitivity to prevent overload of input and output circuits. The lock-in amplifier computed the magnitude and phase of the input signal relative to an electrical reference. For measurement of DPs, this electrical reference was an artificially generated source of 2 f 1 Ϫ f 2 , and the SFE electrical reference was obtained directly from the signal generator. The data were transferred to an Archimedes computer where they were stored for off-line analysis. Pressure calibration for the microphone was carried out in a Brüel & Kjaer artificial ear, type 4152, against a Brüel & Kjaer 1-in. microphone, type 4144. Sound levels were measured and adjusted to the required levels in each ear canal.
C. Stimuli and methods
Stimuli varied by test condition. Initially, all ears were screened for SFEs. A pure-tone signal at approximately 35 dB SPL ͑Ϯ5 dB͒ was swept at 400 ms/Hz over 1000-Hz overlapping segments covering a frequency range from 1000 to 4000 Hz. Each sweep was repeated to ensure that any artifactual sound which would alter the sweep spectrum was detected. Frequencies and levels of stimulation for subsequent measurements were determined by the outcomes of the initial results, and they varied between 1 and 8 kHz and 20 and 75 dB SPL, respectively, for each ear and stimulus condition.
For the generation of DPs, f 2 was fixed and f 1 was swept in frequency at 1200 ms/Hz ͑600 ms/Hz for 2 f 1 Ϫ f 2 ͒. An initial search for fine structure was conducted with f 1 fixed at 2300 Hz and f 1 swept over a range of f 2 : f 1 from 1.41 to 1.01. Stimulus levels for these sweeps were L 1 ϭ55, L 2 ϭ40 dB SPL. Subsequently, the frequencies, levels and range of frequency separation of the stimuli were varied by ear and test condition.
Ears that gave responses well above the noise floor ͑where the phase trend was clear͒ were singled out for detailed investigation. The data were processed in the following way:
Each pair ͑magnitude and phase͒ of datum points collected represented about 1.6 Hz for single tones and 1.2 Hz for 2 f 1 Ϫ f 2 . This meant that a minimum of 600 points was available for analysis from a 1000-Hz single tone sweep. The frequencies associated with each point were collected from the reading obtained with the lock-in band-pass, tracking filter. These acted as a rough guide, but could not be used in the analysis, because of jitter associated with tracking. The actual range was calculated from the known stimulus frequency range generated by the HP3314A function generator in a linear sweep and a linear series was created in an Excel spreadsheet to correspond with the points collected.
Magnitude and phase data collected from the lock-in ''r'' output were corrected to give magnitude in V and phase reading in degrees relative to the reference, after unwrapping at 2 discontinuities. Both traces were smoothed using a 101-point average and the first and last 50 points were excluded from subsequent analysis. The complex conjugates of the raw and smooth waveforms were calculated. The real and imaginary parts of the smoothed waveform were subtracted from the equivalent in the raw waveform. The magnitude and phase of the residual were calculated using the modulus and argument of the resulting complex data. The residual phase was unwrapped at 2 discontinuities. The total and residual magnitude were referenced to the voltage for 0 dB SPL from the system calibration and expressed in dB SPL.
The residual signal detected in the case of DP is referred to as DP residual and for the single tone condition it is referred to as the single tone residual or SFE. The phase slope of f 1 measured in the ear canal was subtracted from the DP phase slope to remove any delay between generation of the ''artificial'' DP produced electronically and sound reaching the ear canal. The single-tone residual ͑SFE͒ phase was referenced to the phase slope of f 1 during analysis, so it was not necessary to subtract the phase slope of f 1 to remove transducer delay. The phase slope of the DP residual was referenced to the DP, so it is superimposed on the delay already experienced by the major DP component. Where the residual has a greater delay than this component, the phase slope will be negative; where it has less delay, the slope will be positive. For the DP, only those regions where distortion product level was steady over a broad frequency range were analyzed for a residual component. Where no phase trend could be discerned in either the DP, DP residual or SFE, the signal was assumed to be noise.
II. RESULTS
Acoustic distortion products were measured from all seven ears for the initial stimulus conditions. Five ears gave high levels of DP. Four of these also gave strong SFEs, with three yielding a clear DP residual. Most of the data obtained could not be used either because response levels were too near the noise floor ͑judged from the lack of a clear phase trend͒ or because clear DP and SFE could not be obtained from the same frequency region in any one ear, or because no residual could be derived from either one of the DP or stimulus frequency sweeps. Data are shown below for ears in which the response was clear, but different in each case.
A. Distortion product with no detectable residual
The DP magnitude profile for one ear for three different frequencies of f 2 :2000, 2100, and 2200 Hz is shown in Fig.  1 . The f 1 range was adjusted so that 2 f 1 Ϫ f 2 passed through the same frequency span in each case. No significant residual could be extracted from either the distortion or the singletone spectra, but high levels of DP were measured. The 3-dB bandwidth of the DP magnitude profile ͑measured from a second-order polynomial fit͒ reduces slightly with increasing frequency and the phase trends show a virtually linear slope over the region of the peak. The mean group delay computed from the slopes between 1100 and 1400 Hz varies between 5.3 and 4.7 ms. The slope decreases slightly with increasing frequency of f 2 . This would be expected if the origin of the distortion is the f 2 place, as each increment of f 2 brings the generation site nearer to the base of the cochlea.
In Fig. 2 , the response from the same ear, but over a higher frequency range, is displayed. In this case, f 2 was held constant at 4000 Hz for the two-tone condition. Clear DP and SFE magnitude and phase could be recorded, but there was no significant residual in the DP response. The phase slope for the SFE is steeper than that for the DP, giving a mean group delay of 5.38 to 4 ms for the SFE and 1.5 ms for the DP. The brief delay for the DP, which remains relatively constant across the DP frequency ranges of 3200-3450 Hz and 3650-3800 Hz, is assumed to reflect its origin at the 4000-Hz place. The SFE delay, which decreases with increasing frequency, is assumed to be generated at progressively more basal regions during the sweep.
B. Distortion product with detectable residual
Examples of substantial residuals that were extracted from the dominant signal in both single-tone and two-tone conditions are shown in Fig. 3 . Data are shown for the single-tone sweep, single-tone residual ͑SFE͒, DP and DP residual over the same frequency range. For the DP, f 2 was constant at 2300 Hz. The phase slopes are shown for the DP residual, single-tone residual and the DP. The phase slope of the DP residual is steeper than that of the DP and approximates to that of the single-tone residual ͑SFE͒. The DP residual slope is referenced to that of the DP, so the true residual delay, when referenced to f 1 in the ear canal, is the sum of the DP and the DP residual delays. The mean group delays measured from 1550 to 1800 Hz are 3.82 ms for DP, 10.62 ms for SFE and 10.83 ms for the DP residual ͑14.64 ms for DP plus residual͒.
Data for another subject and another frequency range ͑3000 to 3250 Hz: f 2 at 4000 Hz for DP͒ are shown in Fig.  4 . As in Fig. 3 , the SFE and DP residual have similar slopes, but the DP slope is less steep. The mean group delay calculated across this frequency range is 1.65 ms for the DP, 6.68 ms for SFE and 6.16 ms for the DP residual ͑7.81 ms for DP plus residual͒.
FIG. 1. DP measured for three different f 2 frequencies with changing f 1 . ͑a͒ Magnitude of distortion as a function of DP frequency. ͑b͒ Phase in cycles referenced to f 1 phase measured in the ear canal. SubjectϭBD. ---f 2 ϭ2000 Hz; --f 2 ϭ2100 Hz; -------f 2 ϭ2200 Hz.
C. Distortion product with ''residual'' having negative delay
In Fig. 5 , data from an ear in which the situation is more complex are shown. Here, f 2 is held constant at 4000 Hz for the DP. The phase slope at lower frequencies for the SFE and DP residual are comparable, and the DP is considerably less steep. This may be compared with the data in Figs. 3 and 4 . At about 2550 Hz, there is an abrupt change in the DP slope, and it becomes slightly steeper than that of the SFE, while the ''residual'' shows a reversal in phase trend. Therefore, from about 2550 Hz, the major signal is relatively more delayed than the ''residual,'' which is a reversal of the situation for the data in Figs. 3 and 4 and in the data up to 2550 Hz in this figure.
In Fig. 6 , another example of the phase trend reversal in the DP residual is shown. This is the same subject as for Fig.  5 , but with an f 2 of 2300 Hz for the DP. Here, once again, the reversal is accompanied by a steepening of the DP phase slope so that it is greater than that of the SFE.
The mean group delay data for all five subjects where clear phase trends were recorded are summarized in Table I ͑DP͒ and Table II ͑SFE and DP residual͒ and in Fig. 7͑a͒ and ͑b͒. The absolute values and the trend of decreasing delay with increasing frequency compare with previous studies for DP ͑e.g., Kimberley et al., 1993͒ and SFE ͑e.g., Wit and Ritsma, 1980͒ . Also shown are the two measures of DP for the subject ͑TS, lines 5 and 13 in Table I͒ where the phase slope was exceptionally steep. Apart from these two measurements, the DP residual had a mean group delay that was greater than that of the SFE.
III. DISCUSSION
These data suggest that it may be legitimate to analyze the DP as the vector sum of two gross components. Analysis of single-tone and two-tone data into two components can yield data with widely differing mean group delays in some subjects, though the data need careful interpretation. In Fig.  8 , a cartoon is shown of the traveling wave envelopes of the stimulus tones and the imagined generation and emission of the DP ͑a͒-͑c͒ and SFE ͑d͒. It is suggested that the data in Figs. 1 and 2 correspond to the situation in Fig. 8͑a͒ . Here, the major component is from the f 2 region, with a relatively brief mean group delay. The data in Figs. 3 and 4 correspond with the situation illustrated in Fig. 8͑b͒ . The major DP emission emanates from the f 2 place but there is a significant   FIG. 2 . DP ͑---͒, SFE ͑--͒ magnitude ͑a͒, and phase ͑b͒ for the same subject as Fig. 1 . Acoustic DP components are plotted as a function of DP frequency: f 2 ϭ4000 Hz. The DP residual magnitude ͑-------͒ is also shown as an approximate noise floor. Phase reference for DP and SFE is f 1 phase measured in the ear canal; phase reference for DP residual is phase of the major DP component .   FIG. 3 . DP ͑---͒, single tone ͑--, upper curve͒, and derived SFE ͑--, lower curve͒ and DP residual ͑-------͒ magnitude ͑a͒ and phase ͑b͒. f 2 ϭ2300 Hz. Otherwise as Fig. 2 . SubjectϭDB.
addition from the DP place, giving rise to the DP residual with a considerably greater mean group delay than the emission from the f 2 place. The situation where the total DP emission is delayed to the same degree as the ''residual'' is illustrated in Fig. 8͑c͒ . Here, the major signal comes from the DP place, with a lesser contribution from the f 2 place. This corresponds with the data in Figs. 6 and 7, where the DP phase slope is as steep as the SFE phase slope and the ''residual'' has a negative slope. The ''residual'' in this case is the DP from the f 2 place. In Fig. 8͑d͒ the single traveling wave for the SFE from the same frequency region as the DP is shown in the panels of Fig. 8͑a͒ -͑c͒. The SFE and DP from the DP place would be expected to have similar mean group delays, but possibly with some additional delay due to distortion generation at the f 2 place. However, we found that the mean group delay for the DP residual was greater than that for the SFE. This was true for all examples except those where a negative delay was recorded for the DP residual. In the cases where the predominant signal varies, it is unlikely that an accurate measure of mean group delay can be made because at some point in the frequency sweep there is a transition between major emissions of greatly differing delays. With the limited data which were amenable to analysis, it is not possible to say which of the types of responses shown in the graphs occur most commonly. However we can speculate that a continuum of response types exists from ''DP-from f 2 -place-only'' with no discernable fine structure ͑there would probably be very little SFE either͒, through to a situation where the major energy appears to come from the ''DP place.'' 1 There was surprisingly little correspondence in the magnitude across frequency of the DP residual and SFE. In the data illustrated, for instance, the features do not coincide in Fig. 3 or Fig. 5 , but they do ͑somewhat͒ in Fig. 4 and in Fig.  6 . If both responses are assumed to come from the same region, then some commonality in the frequency composition might be expected. The differences may reflect fundamental differences in the behavior of the cochlea depending upon whether it is being stimulated with 1 or 2 tones. The DP available for re-emission from the DP site is dependent not just on the stimulus levels, but also on the generation site which will, itself, affect the frequency response. Also, in the DP situation, re-emission from the DP place encounters a   FIG. 4 . DP ͑---͒, SFE ͑--͒, and DP residual ͑-------͒ magnitude ͑a͒ and phase ͑b͒. f 2 ϭ4000 Hz. SubjectϭPF. Fig. 4 , but subjectϭTS. strongly stimulated basal region which does not occur with single-tone stimulation.
FIG. 5. The same as
It might be thought that the demonstration of a large signal from the DP place would be at variance with the results of suppression experiments ͑Brown and Kemp, 1984; Martin et al., 1987; Harris et al., 1992͒ , where the effect of a suppressor tone tends to be greatest when it falls near to the stimulus frequencies, particularly if a high suppression criterion ͑such as 6-dB suppression of distortion level͒ is chosen. To explain this, the region of stimulus interaction must be seen as the generation site, while the DP place is simply a re-emission site. A suppressor tone which affects generation will affect responses emanating from both sites. We have not, so far, seen any examples where the entire response is strongly delayed, nor has it ever been demonstrated that a The phase slope for DP is usually determined by f 2 , but where the predominant response is the greatly delayed ''residual,'' the frequency range covered by the DP becomes relevant ͑see text͒. a Indicates that the ''residual'' acoustic DP had a negative delay or that the phase trend was unclear ͑see text͒.
FIG. 7.
͑a͒ Mean group delay of DP as a function of f 2 measured from five subjects at various frequencies detailed in Table I . ͑b͒ Mean group delay of SFE and DP residual where this was a positive reading ͑see Table II͒. suppressor tone near to the DP frequency will suppress all DP. However, up to 3 dB of suppression can be achieved by tones near to the DP at suppressor intensities lower than those that are effective near to the stimuli. As suppressor level is increased, an intensity will eventually be reached where a tone near the DP frequency will have some suppressive effect on the generation site. There are some limitations of the method used to analyse these results. Most importantly, all the data are derived from a single sweep. A simple smoothing procedure removes the ''fine structure'' and this presupposes that overall magnitude and ''fine structure'' are indeed separable. There are also problems with interpreting mean group delay, as already discussed, because a reasonably accurate estimate of mean group delay relies on there being a steady level of signal across frequency. In spite of these limitations, the data serve to show that acoustic distortion products can be subdivided into two components with widely different delays in some human subjects. The more delayed component compares in its latency with the SFE for the same frequency, and it is therefore likely that it originates from the DP place. This analysis has implications for the measurement of mean group delay as an indication of ''cochlear travel time '' ͑Kimberley et al., 1993͒ , because estimates of mean group delay can differ by a factor of 5, depending on whether they come from the f 2 or the DP place. For this reason, measurement of mean group delay based on only a few points, well separated in frequency, may be difficult to interpret. It also has special significance in the estimation of mean group delay in infants where large spontaneous emissions may dominate the ear canal spectrum. Sun et al. ͑1994a , b͒ modeled the fine structure generated by two moving stimuli at a fixed frequency ratio based on generation by multiple sources at the stimulus region. They concluded that the fine structure was adequately modeled by vector summation with nonuniform gain for each of the generators. In their experiments, all three parameters were changing: f 2 ͑the generation site͒, f 1 and 2 f 1 Ϫ f 2 . In our experiments, the generation site remained fixed for each sweep. The f 1 frequency was varied, but as shown in previous experiments ͑Brown and Williams, 1993͒ the fine structure remained fixed as a function of frequency for 3 f 1 Ϫ2 f 2 , and 4 f 1 Ϫ3 f 2 , so that a differential effect of f 1 across frequency can be largely ignored, at least as far as the fine structure is concerned. In other words, the changing f 1 is apparently not affecting the way in which vectors sum at any one generation site to produce the fine structure. This finding is consistent with the DP site as the origin of the vectors summating to give the observed fine structure. There is sufficient evidence from other studies on otoacoustic emissions to support the conclusion of Sun et al. ͑1994a , b͒ that the gain of the ''amplifiers'' varies greatly along the human cochlear partition. However, in the case of acoustic distortion emissions, there are variations in both generation site gain and in re-emission site gain contributing to the fine structure. When both stimuli are varied, the vector sum of signals from these major sources could either sum or cancel. They could be from either ''high gain'' or ''low gain'' regions. The manner in which they interact will also be affected by stimulus level. He and Schmiedt ͑1993͒ observed a shift down in frequency of the DP fine structure with changes in level and modeled this as changing vector summation at the generation site. Peaks and troughs due to any contribution from the DP place should behave like the SFE and not shift down in frequency with increasing stimulus level.
There is little doubt that odd-order distortion products have their origin in nonlinear processes at the site of stimulus interaction. However, it is clear that the acoustic distortion products may propagate either from this region or from their own frequency ''place'' in the cochlea in human ears stimulated at low levels. The resultant ear-canal sound pressure is the vector sum of signals from these two sources.
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